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Summary: The increasing demand for infrastructure security requires accounting the risk of 
severe loading due to natural or manmade hazards, such as aircraft impacts. This paper 
presents a Discrete Element Method (DEM) approach implemented in EUROPLEXUS, fast 
dynamics software, able to predict damage of concrete structures under severe impacts. The 
proposed DEM model for concrete relies on the original developments of Cundall and Strack for 
granular materials that was extended to cohesive materials, such as concrete by introducing 
cohesive interactions in addition to contact ones. In order to validate the DEM approach, the 
simulation results of three hard impact tests are presented. The tests were performed by CEA 
Gramat on plain concrete targets with a passive confinement given by a steel jacket surrounding 
the cylindrical specimen and submitted to the impact of ogive-nosed steel projectiles.  
1 INTRODUCTION 
Concrete structures are widely used as shielding barriers to protect sensitive 
infrastructures. Nowadays, Accidental conditions such as aircraft impacts on nuclear 
containments, even though, with low probability of occurrence during lifetime of a structure, 
demand for a designing under extreme loadings. Because of the extreme severity of such a 
loading, assessment of the protective structures must go far beyond verification of the 
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resistance to normal operating conditions: it is necessary to investigate the response of the 
structure until almost its complete failure to assess correctly its ultimate resistance capacity. 
While continuous approaches such as the finite element method (FEM) are suitable for the 
nonlinear analysis of structures before failure, they reach their limits when trying to describe 
macro cracking and fragmentation mechanisms. The discrete element method (DEM) is a 
powerful alternative to FEM when advanced damage states and failure of concrete have to be 
studied. Indeed, DEM allows easily obtaining realistic macro-crack patterns and material 
fragments due to its discontinuous nature. 
In previous paper, a coupled DEM-FEM approach was proposed with soft impact on RC 
structures [19]. This paper presents a DEM approach able to produce the experimental 
response of concrete structures under severe loading such as the hard impact due to the 
turbine of an aircraft engine. A geometric algorithm method based on a tetrahedral finite element 
mesh is employed for the discrete elements (DE) mesh generation, which uses a disordered 
assembly of rigid spherical elements of different sizes and masses although the elements do not 
represent the constituents of concrete. The spheres’ interactions are modelled thanks to beam-like 
elements with a non-linear constitutive behaviour to model damage and compaction (closure of 
porosity). The strain rate effect is taken into account in tension. The proposed numerical method is 
validated with the simulation of three hard impact tests conducted by CEA Gramat [18] and the 
results of two penetration tests and one perforation tests are discussed. All the numerical 
developments were implemented in EUROPLEXUS [8] fast dynamics software. 
2 DISCRETE ELEMENT MODEL 
The DEM was originally developed to model granular materials such as sand by Cundall 
and Strack [4][5]. Afterwards, this method was extended by Hentz to cohesive materials such 
as concrete, by taking into account the cohesive interaction over the contact interaction [12]. 
A disordered polydisperse assembly of rigid spherical elements of different sizes and masses, 
which do not represent the concrete’s constituents, is generated by a direct geometric 
algorithm proposed by Jerier et al. [14] Figure 1. The method is based on a special 
disordering technique of non-overlapping spheres that allows filling a given tetrahedral Finite 
Element mesh of the modelled specimen. This algorithm was implemented in SherePadder++ 
[23] free software, which was introduced into the open-source SALOME platform [21]. The 
DE model aims to reproduce the macroscopic experimental behaviour of concrete. Thus, DE 
mesh’s assembly is required to be isotropic for undamaged concrete, which can be evaluated 
from the projection of the link’s orientation. As has been shown by Potapov et al. [19] a FE 
mesh with 4 tetrahedra per edge and the ratios maximum over minimum radii          = 3, FE 
tetrahedron edge over the mean DE diameter         = 4 produces a satisfying distribution of 
interactions. 
Figure 1 : DE mesh generator technique  
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2.1  Definition of interactions 
An interaction is defined between two spheres a and b of radius Ra and Rb respectively 
inside an interaction range, which is determined by a interaction coefficient λ Figure 2.The 
two types of links are grouped and treated by the following equation (1), where Da,b is the 
distance between the centroids of the elements a and b and λ≥1. 
A contact interaction is possible, when the distance between two particles is less than or equal 
to the sum of their radius, thus λ=1. In contrast, the cohesive interactions exist even when the 
elements are in certain distance where λ>1. A cohesive link receives also tensile forces and 
allows taking into account the effects of the cement matrix in concrete. The cohesive 
interactions are initialized at the beginning and they exist as long as are not broken whereas 
the new contact interactions are created throughout the procedure. Contrariwise, a contact link 
is acting only in compression. The number of links per element with its neighbours varies 
with the value of λ. The desired number of interactions can be set by adjusting the interaction 
coefficient. Then, the average number of interactions per discrete element is calculated as the 
number of links over the number of discrete elements equation (2). An average of 12 links per 
DE was selected by Rousseau [19]. 
 
Figure 2: Contact Interaction and Cohesive Interaction 
2.2  Constitutive behaviour of discrete element concrete model 
Unreinforced undamaged concrete is considered to be isotropic, homogeneous elastic and 
linear, whereas after cracking the behaviour becomes non-linear. Concrete’s behaviour is 
modelled by means of two types of interactions. Contact links can create only contractive 
forces whereas cohesive links can receive also tensile forces. Two spheres not necessary in 
contact are related at an equivalent contact point with micro-macro phenomenological sping-
like interactions, defined by local normal KN and tangential KS stiffnesses [11][19]. A third 
rolling spring-like interaction, KR as rolling stiffness, has been implemented by Omar [16] in 
order to offer rolling resistance to the model and prevent from brittle failure. Moreover, the 
elastic behaviour of concrete is described by macro-micro relations proposed by Donzé [7], 
while a modified Mohr-Coulomb criterion is used for non-linear plastic behaviour [12][22]. 
                   (1) 
                                                                  
(2) 
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2.3  Linear elastic constitutive behaviour  
The relations for the elastic behaviour were created to describe the local microscopic 
parameters KN and KS from the global macroscopic elasticity coefficients, Young’s modulus 
E, and Poisson’s ration ν. The model of concrete in elasticity is originated from Voigt’s 
hypothesis [3] and the best fit hypothesis [15] used for regular assemblies. Those 
approximations have been modified by Donzé [7] to take into account the disordered 
assemblies and the size of the interactive elements. Equation (3) shows the micro-macro 
relations between two elements a and b.          represents the initial distance between two 
elements, with radius Ra and Rb and  Sint is the interaction surface. Young’s modulus E, and 
Poisson’s ratio ν are considered the input values of the model whereas α, β and γ parameters 
need to be identified by mean of linear quasi-static compression and traction tests. 
 Later, a study by Huang [13] has shown the dependence of the elastic macroscopic 
parameters on the ratio of shear stiffness over normal stiffness      . The expression of 
Young’s Modulus given by Donzé’s model [7][6] could be presented dimensionless 
eliminating its dependence on normal stiffness KN, by adjusting a value E0, which derives 
from the ratio          , equation (4). The identification procedure of the linear elastic 
behaviour parameters α, β and γ is described by Hentz [11]. A compression test with the 
macroscopic parameters E = 25 GPa and ν = 0.16 performed by Gabet et al. [10] was 
simulated and the parameters were calibrated, α = 3.9, β = 3.75 and γ = 5.  
2.4  Non-linear constitutive behaviour 
The non-linear plastic behaviour of concrete, between two elements a and b, in tension is 
characterized by a local criterion of rupture which found in several studies [12][19][22]. A 
modified Mohr-Coulomb criterion with sliding function f1 and a tensile rupture f2 is used for 
cohesive links, equation (5). The modified Mohr-Coulomb criterion of cohesive interactions 
consists from a friction angle Φi, a cohesion stress C0, a local tensile cut off stress T and a 
softening factor ξ. The softening factor ξ adjusts the tensile stiffness after damage in tension. 
The criterion of cohesive interactions equation (5) is separated in the cases below: 
f2 ≤ 0 and f1 ≤ 0, the cohesive link is elastic 
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f2 ≤ 0 and f1 = 0, the shear force follows the sliding function 
 
When the second function, equation (5b) becomes greater than zero the damage of the 
cohesive link between two elements a and b is initialized because the component of the 
normal force FN exceeds the maximum local tensile limit      . Hence, the link passes to the 
softening phase where the normal stiffness is defined as    . This regime is limited to a 
maximum distance of the two elements      . Once the cohesive link is broken and the two 
spheres come in contact, a new contact interaction is created, which follows a classical Mohr-
Coulomb criterion with a contact angle Φc, equation (6).  
The criterion of contact interactions is divided in the next cases: 
f1 ≤ 0, the contact link is opposed to interpenetration 
f1 = 0, the shear force follows the sliding function 
 
The compressive non-linear plastic behaviour is governed by the compaction phenomenon, 
which occurs under high confinement. Once the elastic limit is excited              , the 
initialization of microcracks leads to a plastic regime until the plastic limit              , 
where consolidation take place, after the collapse of porosity and the closure of cracks, with a 
hardening branch. The stiffness of each branch is defined as the ratio of the initial stiffness of 
the link    over the parameters ξ1 and ξ2 respectively. 
Figure 3 presents the two models, on the right is plotted the sliding functions, while on the 
left is illustrated the local link’s behaviour. The microscopic parameters of the model need to 
be identified in order to result the macroscopic parameters, compressive σC and tensile σT 
strengths which are obtained from quasi-static tests in tension and compression. The 
compaction law parameters are defined by means of oedometric and hydrostatic tests obtained 
thanks to triaxial device that allows performing triaxial compression test on concrete with 
high confinement pressure. The non-linear behaviour parameters under low pressure were 
identified as C0 = 3.5 MPa, T = 3 MPa, ξ = 3, φi = 30º and φc = 30º by modelling quasi-static 
tests with macroscopic σc = 34 MPa and σT = 3.4 MPa, Figure 4. For the parameters referred 
to high pressures      = 0.05GPa,      = 0.3GPa, ξ1 =1.5 and ξ2 =0.3 were employed the 









                                               (6) 
Figure 3: Local criterion of rupture 
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2.5 Strain rate dependency  
The tensile strength of concrete increases under moderate and high loading rate, as has 
been observed experimentally. The model has implemented to account for the strain rate 
sensitivity with the dynamic increase factor (DIF) local equation (7). DIF is defined as the 
ratio of the dynamic tensile strength over the static tensile strength         . The increase is 
applied also on the maximum distance limit Dmax, as can be seen on Figure 6. The local 
parameters     ,    and    are calibrated with the help of a Hopkinson bar spalling test [1]. 
The experimental pullback velocity of the specimen’s rear face, is reproduced with the 
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Figure 5: Calibration of under high pressure behaviour parameters, oedometric, hydrostatic tests 
Figure 4: Simulation of quasi-static tests 
266
















3 SIMULATION OF IMPACTS  
The reliability of the proposed DEM numerical model is validated with the simulation of 
high velocity impacts on confined concrete. The numerical results are compared with the 
experimental data obtained by CEA Gramat. 
3.1 Impact experiments 
A series of impact tests have performed by CEA-Gramat. Ogive-nosed steel projectiles 
with a calibre-radius-head (nose radius to diameter ratio) 5.77, a shank diameter of 52.06 mm, 
a length of 299.43 mm and a mass 2.442 Kg, Figure 7 (right) were launched on fully 
saturated unreinforced cylindrical targets made of ordinary concrete R30A7 confined with a 
thin steel jacket. R30A7 concrete was widely investigated in previous studies [6]. The 
impacted specimen diameter is 800 mm, while the thickness is varying with 300 mm for 
perforation test and 800 mm for penetration test. The confined steel jacket has a thickness of 
15 mm and it is anchorage on the concrete target. An accelerometer was embedded into the 
projectile Figure 7 (right) to record the axial deceleration during the experiment. In addition, 
after the test a topographic laser system was used to measure the crater dimension and the 
penetration depth. Three tests have been conducted with different striking velocities, one 
perforation test with 333m/s and two perforation test with higher velocity 347.4 m/s (HV) and 
lower velocity 227 m/s. “DEIMOS’’ gas launcher Figure 7 (left) was employed to give the 
initial impulse on the strikers. Figure 8 shows the perforation impact test at certain moments 








 Figure 7: “DEIMOS” gas launcher (left), projectile with its accelerometer  
Figure 6: Constitutive model under dynamic loading  
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3.2 Modelling of impact experiments  
The cylindrical concrete specimen was modelled with DE, while for the steel projectile and 
the steel confining jacket were used tetrahedral FE, Figure 9. All meshes have been generated 
by using SALOME [21]. The DE concrete mesh was created from an eight tetrahedra FE 
mesh per short side (of the specimen’s geometry) with SherePadder++ [23] direct geometrical 
algorithm. The eight tetrahedral FE mesh was selected in order to produce spheres with 
diameters similar to the FE size of the projectile and the steel jacket. The condition of similar 
sizes between FE and DE should be respected, for proper link creation. Table 1 illustrates the 
DE properties of the perforation and penetration test. Furthermore, for the simulations of the 













Figure 8: Perforation Impact (left), Penetration Impact (right)  
Figure 9: Model of impact test DE concrete with FE confined steel jacket (left), FE steel projectile (right) 
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Table 1: Properties of perforation and penetration DE meshes  
Compactness DE# λ Rmax (cm) Rmin (cm) Rmean (cm) 
Perforation 
0.6086 141765 1.3986 0.9 0.3 0.471 
Penetration 
    0.6154     336467    1.402    0.9384     0.3128     0.491 
 
     Figure 10 shows the numerical and experimental results for the perforation impact test. On the left side is 
plotted the axial displacement of the projectile, while on the right side its velocity. Equivalently  
 
 
Figure 12 presents the results for the penetration impact tests. The crack patter observed 
experimentally can be found on Figure 11 for the perforation test and on Figure 13 for the 
penetration (HV) test on the right side, whereas on the left side are given the damages 
obtained from the numerical simulations. 
The numerical result has well predicted the experimental results. For the perforation test 
the results are thoroughly matched. However, a slight difference is observed on the curves of 
the penetration tests. The damage for both experiments seems to be quite similarly produced 
by the DE model, with more significant diagonal cracks at the bottom of the perforated 
specimen than the top. In addition, by comparing Figure 8 (left) with Figure 11 (left), it is 
obvious that the phenomena observed experimentally, such as spalling on the front and 
scabbing on the rear face, have been successfully generated during the perforation test 
simulation. Furthermore, a cratering damage mode is following the penetration test, which it 
has also appeared at numerical results.   
 
Figure 10: Perforation test, simulation and experiment, projectiles axial displacement (left), velocity (right) 
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Figure 11: Perforation crack pattern, simulation (left) experiment (right) 
270









In this paper a numerical method of DEM for concrete has proposed to model structure 
under severe loadings. The DEM approach has applied to simulate extreme impact 
experiments on thick confined concrete specimen, which can represent an aircraft strike on a 
nuclear shielding. Perforation and penetration tests were satisfying reproduce by the 
numerical results. The crack patterns appeared to be well accordance with the experimental 
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